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Abstract

Purpose: The aim of this study was to analyze the effect of azithromycin (AZM) 1% ophthalmic solution in
DuraSite� (AzaSite�) on biofilm formation by Staphylococcus aureus and coagulase-negative staphylococci
in vitro.
Methods: Susceptible and resistant clinical strains (n¼ 8) of S. aureus and coagulase-negative staphylococci were
challenged with serial dilutions of AzaSite� and its components: AZM, benzalkonium chloride (BAK), and the
DuraSite drug delivery vehicle. After 20 h of incubation, bacterial growth was quantified using a spectropho-
tometer (A¼ 600 nm). Plates were stained with crystal violet and biofilm formation was quantified spectro-
photometrically at A¼ 590 nm.
Results: AzaSite� and AZM inhibited bacterial growth (P< 0.05) and biofilm formation (P< 0.05) in AZM-
susceptible strains at all studied dilutions. AZM-resistant strains treated with AzaSite� exhibited a significant
reduction in biofilm formation (P< 0.05) at subinhibitory concentrations (1.25%–5%). AZM had no effect on
bacterial growth in resistant strains but conferred a small reduction in biofilm formation at concentrations from
1.25 to 10 mg/mL in most strains. DuraSite� inhibited biofilm formation at concentrations between 10% and
2.5% in all studied strains (P< 0.05), without affecting bacterial growth. BAK inhibited bacterial growth and
biofilm formation in all strains between concentrations of 0.042 and 0.375 mg/mL (P< 0.05).
Conclusions: AzaSite�, AZM, or BAK prevented biofilm formation by inhibiting growth of AZM-susceptible
strains. AzaSite�, AZM, and DuraSite� also reduced biofilm formation at subinhibitory concentrations for
growth. Our data indicate that AZM has a moderate inhibitory effect on biofilm formation, whereas DuraSite�

appears to play a greater role in the inhibition of staphylococcal biofilm formation by AzaSite�.

Introduction

Blepharitis is a chronic ocular disease characterized by
an inflammatory reaction on the eyelids.1 Symptoms

include redness, itching, burning, and foreign body sensation
of the eyes resulting in significant discomfort and visual
disturbances.1 Infectious blepharitis is commonly associated
with ocular pathogens such as Staphylococcus epidermidis and
Staphylococcus aureus, which reside on the eyelid margin2;
however, the role of bacterial infection in blepharitis has yet
to be fully elucidated. Treatment involves topical antibiotics
as well as lid hygiene including warm compresses and eyelid
scrubs.3,4 However, many individuals with blepharitis re-

quire long-term therapy as blepharitis can be a chronic af-
fliction and relief of symptoms may be temporary. Biofilm
formation on the eyelids and eyelashes may contribute to the
difficulty in treating infectious blepharitis.5–7

Biofilms are organized communities of microorganisms
that adhere to both abiotic and biotic surfaces including heart
valves, prosthetic joints, catheters, contact lenses, and
punctal plugs.8–12 Microorganisms residing in biofilms are
often between 20 and 1,000 times more resistant to antibiotics
than genetically identical bacteria living as free floating cells;
they are more resistant to host defenses, often difficult to
culture, and associated with chronic diseases.6,13,14 Both S.
aureus and coagulase-negative staphylococci (CNS) have
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been shown to form biofilms on a variety of biotic and abiotic
surfaces and are associated with blepharitis.2,15,16

Azithromycin (AZM) is a broad-spectrum azalide antibi-
otic effective against Gram-positive, Gram-negative, and
atypical bacteria and has anti-inflammatory characteristics.17

Topical AZM ophthalmic solution 1% in DuraSite� (Aza-
Site�; Inspire Pharmaceuticals, Durham, NC) has been
shown to be effective in treating posterior blepharitis and
bacterial conjunctivitis.18,19 DuraSite� is a crosslinked poly-
mer of polyacrylic acid, with a molecular weight of >1 mil-
lion Da.20 AzaSite� also contains benzalkonium chloride
(BAK), a cationic surface-acting agent used as a preservative.

Previous studies with Gram-negative organisms have
shown that AZM can inhibit biofilm formation at subinhib-
itory doses, suggesting that AZM actively inhibits the ability
of bacteria to attach to surfaces.21–23 This effect has not been
reported for Staphylococcus species that frequently cause oc-
ular and prosthetic-associated infections.5,9,15

In this study, we test the effect of a commercially available
preparation of AzaSite� and its individual components on
biofilm formation by clinical blepharitis isolates of S. aureus
and CNS, including AZM-resistant strains.

Methods

Study drugs

AZM ophthalmic solution 1% in DuraSite� (AzaSite�; pH
6.3) and AZM 1% in 15 mM sodium citrate buffer (pH 8.0)
were supplied for the study by Inspire Pharmaceuticals. The
proprietary ocular drug delivery vehicle DuraSite� was
supplied by InSite Vision (Alameda, CA). BAK was obtained
from Sigma-Aldrich (St. Louis, MO; product No. B6295).

Bacterial strains and culture methods

Four de-identified clinical ocular strains of S. aureus and 4
de-identified clinical ocular strains of S. epidermidis were
obtained from the Charles T. Campbell Ophthalmic Micro-
biology Laboratory (UPMC Eye Center, Pittsburgh, PA). The
bacterial isolates were part of a clinical tissue bank used for
the validation of antibiotic susceptibility testing as mandated
by laboratory certification. The only criteria for choice of
strain from among a collection of conjunctivitis and ble-
pharitis isolates were the bacterial species and AZM resis-
tance status. Strains and their minimum inhibitory
concentrations as determined by E-tests (bioMérieux, Dur-
ham, NC) for AZM are shown in Table 1.

Bacteria were streaked on trypticase soy agar plates sup-
plemented with 5% sheep blood (BBL; Sparks, MD) and in-
cubated overnight at 378C. Individual colonies were isolated,
inoculated in 5 mL of brain heart infusion (BD, Franklin
Lakes, NJ) medium, and grown overnight for 15 h in a 308C
incubator. Bacterial inocula were standardized using a
Beckman DU 70 spectrophotometer detecting absorbance at
600 nm, and 0.01 optical density units of bacteria were sus-
pended in brain heart infusionþ 0.2% glucose to promote
bacterial growth and biofilm formation. Two-fold serial di-
lutions of the 4 study drugs used in this study were per-
formed in 96-well flat-bottomed cell culture plates (Costar
3595; Corning, Corning, NY). Using a multichannel pipette,
10 mL of each dilution or control was plated in its corre-
sponding well with 90 mL of bacteria standardized to
A600nm¼ 0.01. Plates were incubated at 378C for 20 h in a
moisture chamber to minimize evaporation. The final con-
centrations of AzaSite� to which the bacteria were exposed
were 0.156%–10% of the commercial preparation. Bacteria
were exposed to AZM at 0.156–10 mg/mL. The concentra-
tion range of the proprietary vehicle for AzaSite�, DuraSite�,
to which bacteria were exposed was 0.0156%–1%. The final
concentrations of BAK to which the bacteria were exposed
were 12–375 mg/mL.

Plates were analyzed using the Synergy 2 Microplate
Reader (BioTek Instruments, Winooski, VT) detecting ab-
sorbance at 600 nm to determine total cell density in each
well, including both biofilm and planktonic bacteria. As
staphylococcal biofilms are formed predominantly on
the bottom of the wells and not on the sides, we reasoned
that this approach is appropriate to measure total culture
density.

Biofilm formation experiments were performed using
previously published methods.24 After washing the plates in
water to remove all planktonic bacteria, 80mL of 0.1% crystal
violet was added to the wells and incubated for 10 min at
room temperature to stain biofilms that had formed at the
bottom of each well. The plates were washed in water and
dried overnight. The wells were then treated with 150mL of
33% glacial acetic acid for 15 min at room temperature to
solubilize the dried crystal violet adherent to any biofilms.
Each well was then analyzed using the Synergy 2 Microplate
Reader detecting absorbance at 590 nm to determine crystal
violet density in each well to measure biofilm formation.
Each data point represents the mean of at least 5 separate
experiments performed on different days.

Statistical analysis

Data were analyzed using 1-way ANOVA with a Tukey
posttest, with the level of statistical significance set at
P< 0.05 comparing untreated to treated samples, using
Prizm 5 software (GraphPad Software, La Jolla, CA).

Results

AzaSite� inhibits the in vitro formation
of staphylococcal biofilms

AzaSite� significantly inhibited the growth of 2 AZM-
susceptible S. aureus and 2 CNS strains at all studied dilution
strengths (P< 0.05; Fig. 1A). A corresponding statistically
significant >90% reduction in biofilm formation compared
with the no AzaSite� control was observed in the same

Table 1. Minimum Inhibitory Concentrations

of Staphylococcus Isolates to Azithromycin

Strain Species MIC (mg/mL)

B1487 Staphylococcus aureus >256
B1493 S. aureus >256
B1412 S. aureus 1.5
B1391 S. aureus 0.75
B1468 CNS >256
B1483 CNS >256
B1379 CNS 1.5
B1472 CNS 1.0

MIC, minimum inhibitory concentration; CNS, coagulase-negative
Staphylococcus.
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treatment groups (P< 0.05; Fig. 1B). AZM-resistant strains all
exhibited a >90% reduction in biofilm formation at AzaSite�

concentrations of �0.5% (Fig. 1A, B); at these concentrations,
growth was also inhibited. More interestingly, AzaSite� con-
centrations of 1.25%–2.5% (representing 125–250mg/mL of
AZM plus other ingredients) conferred no significant growth
differences from the no AzaSite� control, but a significant
reduction (67%–98%, P< 0.05) in biofilm formation (Fig. 1A,
B). One strain of AZM-resistant S. aureus, B1493, exhibited
significantly (P< 0.05) elevated biofilm formation at fur-
ther reduced AzaSite� concentrations (0.156%–0.625%—
representing 15.6–62.5mg/mL of AZM plus other ingredients),
although its biofilm formation was strongly inhibited at
higher concentrations (Fig. 1B). As the active ingredient of
AzaSite� is AZM, we tested whether AZM was responsible
for the reduction in biofilm formation by AZM-susceptible
and -resistant strains.

For all susceptible strains, AZM prevented biofilm for-
mation (89%–99% reduction) and growth (Fig. 2A, B). Most
AZM-resistant strains did exhibit significant reduction
(P< 0.05) in biofilm formation (up to 55%), but it is appar-
ently independent of a change in growth (Fig. 2A, B). This
reduction was surprising smaller than the near complete
biofilm reduction associated with higher concentrations of

AzaSite�. AZM-resistant CNS strains B1483 and B1463 ex-
hibited a significant reduction in growth at the highest con-
centration of AZM (10,000 mg/mL) (Fig. 2A).

Inhibition of staphylococcal biofilm formation
by DuraSite� and BAK

Because the inhibitory effect of AzaSite� was greater than
that of AZM, the contribution of additional components of
AzaSite was tested for biofilm inhibitory effects. DuraSite�

was noted to have caused no significant inhibition of
planktonic growth (Fig. 3A); however, biofilm formation was
significantly reduced (up to 99%, P< 0.005) when the Dur-
aSite� was included at concentrations of 10%, 5%, and 2.5%
(P< 0.05) in all studied strains (Fig. 3B). Notably, 3 strains of
S. aureus displayed an increase in biofilm formation in me-
dium supplemented with DuraSite� at very low concentra-
tions (Fig. 3B). Note that DuraSite� does not contain BAK.

BAK is a preservative in AzaSite� at 30mg/mL (0.003%).
BAK inhibited both planktonic growth (Fig. 4A) and biofilm
formation by all strains between concentrations of 42 and
375mg/mL (P< 0.005). At concentrations of 12 mg/mL, most
strains (7 of the 8 strains) exhibited growth that was indis-
tinguishable from the no BAK control, with an 89% reduction
in biofilm formation in the 1 strain that did not grow well
(B1472). At BAK concentrations of 23mg/mL, there was a

FIG. 1. The impact of AzaSite� on end point growth and
biofilm formation of ocular staphylococcal isolates. These
data are the combination of at least 5 independent experi-
ments performed on different days; the mean is shown. Note:
the maximum AZM and BAK concentrations from AzaSite�

in this experiment are 100 and 0.3 mg/mL, respectively. (A)
Planktonic growth as a function of AzaSite� concentration.
(B) Percentage of reduction in biofilm formation as a function
of AzaSite� concentration. SA, Staphylococcus aureus; AZM,
azithromycin; CNS, coagulase negative staphylococci; R,
AZM-resistant; S, AZM-susceptible; BAK, benzalkonium
chloride.

FIG. 2. The impact of AZM on growth and biofilm for-
mation of ocular staphylococcal isolates. These data are the
combination of at least 5 independent experiments per-
formed on different days; the mean is shown. (A) Planktonic
growth as a function of AZM concentration. (B) Percentage
of reduction in biofilm formation as a function of AZM
concentration.
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severe growth defect and a 60%–90% reduction in biofilm
formation in 7 of the 8 strains, suggesting that BAK inhibits
biofilm formation through prevention of bacterial growth
(Fig. 4B).

Discussion

Blepharitis is a chronic multifactorial ocular disease char-
acterized by inflammation of the eyelids. Despite its wide-
spread prevalence and extensive research elucidating its
pathophysiology, there is still no optimal treatment strategy
to control this disease process. The standard therapy of
warm compresses and lid scrubs offer relief from symptoms
but often take several weeks before significant improvement
is noted. Infectious forms of blepharitis, commonly associ-
ated with staphylococcal species,2 complicate the treatment.
It is possible that some of this chronic inflammation derives
from difficult-to-treat staphylococcal biofilms. In situations
such as this, an antibiotic that is efficacious against Gram-
positive organisms and has anti-inflammatory properties as
well as an ability to inhibit biofilm formation may play a
significant role in therapy. Although AZM has been shown
to have both antimicrobial effects on S. aureus and CNS as
well as anti-inflammatory effects, its effect on biofilm for-
mation is yet to be studied. Here we show that AzaSite� and

its components can reduce biofilm formation through a
mechanism that acts at concentrations that do not inhibit
growth but simply prevent bacterial growth.

The present study was designed to determine whether
AZM ophthalmic solution in DuraSite� (AzaSite�) could
inhibit biofilm formation. The results show that AzaSite� at
0.25%–1.0% of the concentration in the commercial prepa-
ration can inhibit biofilm formation regardless of AZM sus-
ceptibility or resistance in all studied strains of S. aureus and
CNS. The tested AzaSite� concentrations sufficient to inhibit
biofilms were 1:100 to 1:400 of the clinical dose, so the anti-
biofilm activity may be retained for some time after topical
application on the eye. Using the same study protocol for the
3 major components of AzaSite�—AZM, DuraSite�, and
BAK—we were able to elucidate which components con-
tributed to this inhibitory effect.

In AZM-susceptible strains of S. aureus and CNS, AZM
inhibited both planktonic growth and biofilm formation at
all studied concentrations. This inhibition of biofilm forma-
tion cannot be separated from the bacteriostatic effect of
AZM on the growth of susceptible strains. Therefore, the
simplest model to explain these observations is that this
inhibition of biofilm formation is a function of reduced
growth rather than any active mechanism to prevent biofilm
formation.

In AZM-resistant strains of S. aureus and CNS, there was
little to no differences in planktonic bacterial growth

FIG. 3. The impact of DuraSite� on growth and biofilm
formation of ocular staphylococcal isolates. These data are
the combination of at least 5 independent experiments per-
formed on different days; the mean is shown. (A) Planktonic
growth as a function of DuraSite� concentration. (B) Per-
centage of reduction in biofilm as a function of DuraSite�

concentration.

FIG. 4. The impact of BAK on growth and biofilm forma-
tion of ocular staphylococcal isolates. These data are the
combination of at least 5 independent experiments per-
formed on different days; the mean is shown. (A) Planktonic
growth as a function of BAK concentration. (B) Percentage of
reduction in biofilm as a function of BAK concentration.
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between groups treated with dilutions of AZM and the
control. However, there was a moderate and statistically
significant decrease of biofilm formation by both S. aureus
strains as well as 1 strain of CNS. Based on these findings in
the AZM-resistant strains, there may be an additional spe-
cific mechanism of biofilm inhibition (not growth-related). In
support of this hypothesis, previous studies have shown that
S. aureus virulence factor production and attachment to ep-
ithelial cells can be inhibited by AZM.25–27 The inhibition of
S. aureus biofilm formation by AZM may have been also
present in the AZM-susceptible strains but was masked by
the strong bacteriostatic effects of AZM. The mechanism of
this biofilm inhibition remains the subject of future studies.

BAK is a commonly used antiseptic with a multitude of
applications including in hygienic towelettes and as preser-
vatives in numerous ocular medications. As expected, higher
concentrations of BAK effectively inhibited planktonic
growth and biofilm formation in all strains. This pattern is
similar to that of AZM in susceptible strains. Thus, we can-
not conclude that BAK is able to directly inhibit biofilm
formation, and the lack of biofilms is likely to be secondary
to bacterial growth inhibition.

Interestingly, a pattern of biofilm inhibition matching that
of AzaSite� was seen in the same concentrations of Dur-
aSite� alone. DuraSite� is the proprietary ocular drug de-
livery vehicle developed by InSite Vision. DuraSite� is a
synthetic polymer of crosslinked polyacrylic acid that stabi-
lizes small molecules in an aqueous matrix, allowing for in-
creased contact time with the ocular surface resulting in
increased absorption. DuraSite� was able to inhibit biofilm
formation in all studied strains while having no significant
effect on planktonic growth at any studied concentration.

It has been previously noted that antibiotics and other
compounds can increase biofilm formation at very low or
subinhibitory concentrations.24,28,29 We noted that in 1 strain
of S. aureus, AzaSite� at concentrations of <0.625%, a 160-
fold dilution of the commercial preparation, significantly
increased biofilm formation, as did DuraSite� with all 4 S.
aureus strains at very low concentrations.

In summary, our results suggest that the ability of AzaSite�

to inhibit staphylococcal biofilm formation stems from 3 fac-
tors: (1) inhibition of bacterial growth by AZM and BAK, (2) a
moderate, not growth-related, inhibition of biofilm formation
by AZM, and (3) a major, not growth-related, inhibition of
biofilm formation by DuraSite�. The results presented here
suggest that the antibiofilm action of AzaSite� may prove
beneficial for inhibition of biofilms on abiotic ocular implants
such as intraocular lenses.5,13
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